Abstract-Actions of acetaldehyde on membrane potentials and membrane resistances of Aplysia neurons were studied using an intracellular recording and current injection technique. Several functionally different neurons in the abdominal ganglion of A. kurodai were identified on the basis of their morphological and electrophysiological characteristics.
ganglion cells. These actions of the aldehyde were observed to be similar in the com pletely isolated neuron-soma preparation separated from the neighbouring cells or synapses.
Acetaldehyde
induces an anesthetic-like state in animals and studies in the field of behaviour and EEG have revealed that the drug also produces variable excitatory effects on the central nervous system (1) (2) (3) (4) . Despite these apparent effects on the nervous system, there is little documentation on the electrophysiological data related to the direct cellular effects of acetaldehyde.
Our study was an attempt to examine the effects of acetaldehyde on the membrane electrical activities of molluscan central neurons.
The nervous system of Aplysia provides many advantages for cellular studies of drug actions since many of the cells are large, can be easily penetrated by microelectrodes and can be identified on the basis of their mor phological and functional properties (5). Accordingly, it is possible to study an identifiable neuron in a number of different preparations. Throughout the experiments we used the abdominal ganglion of A. kurodai, the most common species in Japan (6, 7).
MATERIALS AND METHODS
A. kurodai, weighing between 100 and 300 g, were collected in the Japan Sea in the vicinity of Toyama Bay. This species occurs in abundance from spring to summer but is extremely rare from August to December. The present experiments were carried out over a three year period in the months of April, May, June and July.
The abdominal ganglion was dissected and mounted on a recording chamber which was continuously circulated with artificial sea water (ASW) at a constant rate of 2 ml/min.
The composition of the ASW was as follows (in mM) : NaCl 494, KCl 11, CaC12 11, MgC12
19, MgSO4 30, and Tris base 10. The temperature of the solution was kept constant at 15-16'C and the pH was adjusted at 7.8.
Two independent glass microelectrodes filled with 3M-KC1 or 0.6M-K2SO4 with re sistances of 5-20 MQ were introduced into a single cell, under visual control, one electrode for recording membrane potentials and the other for passing current. Membrane potentials and injected currents were displayed and photographed on an oscilloscope using conven tional methods. Differentiated action potentials were recorded through a differential operational amplifier (time constant, 0.2-0.5 msec) (RPD-5, Nihon Kohden Co., Tokyo).
Stimulation of the appropriate neural input to the ganglion was accomplished by means of bipolar platinum electrodes.
In one series of experiments, completely isolated neurons were used in order to eliminate the influence of synaptic bombardments on the activity in a given cell. For this purpose, the isolated single neuron-soma, which was completely separated from the neighbouring cells and synapses, was obtained following the procedures described by Chen et al. (8) .
Drugs were applied when the resting membrane potentials and impulse activities had recovered fully to the normal level, after isolation procedures.
Acetaldehyde was freshly distilled from the stock solution and then dissolved into the ASW just before use. Drugs were directly applied to the tissue by perfusion. Other large numbers of cells could not be easily identified as their position and spon taneous activities varied with the preparation. In the following experiments, these uni dentified cells, which were classified only on the basis of their spontaneous activities and responses to acetylcholine, were also included for the analysis of the drug action (Table 1) . The magnitude of the depolarization varied from cell to cell. Table 1 summarizes the results of these experiments on different cell groups. Acetaldehyde was administered for 10-30 min in the concentration of 30 mM. Within the initial 5 min of perfusion with acetaldehyde the membrane potential changes reached a peak and this level was maintained thereafter. The changes of the membrane electrical activities were usually determined 10 min after introduction of the drug. Since no steady-state potentials were obtained in the spon taneously active neurons, the highest value of the recorded potentials during the silent period was registered as the resting membrane potential (RMP). It would seem that the magnitude of depolarization produced by acetaldehyde was larger in the silent cell groups than in the regularly beating cells. In bursting cells, the drug also caused a relatively large depolari zation. This was due to a decrease in the interburst hyperpolarization (Fig. IC) . The action of acetaldehyde was much the same in both D and H-cells (Table 1) .
RESULTS

Identification
Effects on the action potentials: The membrane depolarization was always accompanied by a marked increase in the rate of spike discharge (Fig. 1) . The mean spike frequency in 31 regularly beating neurons during a control period was 72 spikes/min (ranging from 10 to 122/min), and it increased approximately double during the drug administration, with the mean value of 120/min (ranging from 18 to 340/min). In bursting pacemaker cells, the number of spikes in a burst and the duration of burst were increased, and the interburst intervals usually decreased (Fig. 1C) . With a larger dose of acetaldehyde, the bursting pattern was converted to a continuous type of discharge.
FIG. 2. Effect of acetaldehyde on the action potential.
Upper trace : spontaneous action potentials recorded from a regularly beating cell. Lower trace: electrically differentiated action potentials (time constant, 0.2 msec). Records (1) and (2) were taken before and during application of 30 mM acetaldehyde. Record (3) was taken 15 min after washout of the drug.
The amplitude of action potentials was reduced with all applications of acetaldehyde. This was mainly due to a decrease in the overshoot of the spike. The after-hyperpolarization was also decreased (Figs. 1, 2) . The mean values of the spike size in the regularly beating neurons before and after the drug administration were 79.9+2.6 mV and 70.2+3.5 mV (n=31). At the same time, the maximum rates of rise and fall of the action potentials were decreased from 41.8+3.5 V/sec to 31.7±2.8 V/sec and from 39.2±4.0 V/sec to 28.3+3.2 V/ sec, respectively. The duration of the spike measured at 50 % of its amplitude (half-duration) was 10.2±0.8 msec, and increased to 14.2--1-l.1 cosec during the stage of depolarization induced by acetaldehyde (Fig. 2) . Effects on the input resistance : The input resistance of the membrane was measured by the application of hyperpolarizing current with a constant intensity (1-10 nA, with a pulse duration of 200-500 cosec). In Fig. 3 the course of change in the membrane potential and membrane resistance was demonstrated during application of acetaldehyde and acetyl choline. Acetylcholine produced depolarization, which was accompanied by a decrease in the membrane resistance in this cell (Fig. 3-1) . On the other hand, acetaldehyde induced no significant change in the membrane resistance yet the membrane was depolarized ( Fig.   3-2) . Figure 4 shows the relationships between the size of electrotonic potentials and the strength of currents in the absence and presence of acetaldehyde. It may be seen that acetaldehyde did not induce any significant change in the input resistance in this identified silent cell. In the same way, the current-voltage relationships were determined in the other 15 silent and 15 spontaneously active neurons, using constant current square pulses.
Although in some spontaneously active cells a slight increase in the input resistance was observed by acetaldehyde, calculations of the I/V relationships obtained from these 30 neurons revealed that there was no statistically significant effect of acetaldehyde on the membrane resistances in the region of the -40 to -70 mV membrane potential range.
Effects on the completely isolated neurons: In view of the possibility that these changes in the membrane potentials and resistances could be due to some effects of the drug on the synaptic transmission, acetaldehyde was directly applied to the isolated single neuron soma (8, 9) .
Acetaldehyde produced depolarization of the membrane in the completely isolated neurons in a manner similar to that seen in the case of intact ganglion cells (Fig. 5) . This was shown in both D (Fig. 5A ) and H-cells (Fig. 5B) . Figure 5 also indicates that this depolarization was not accompanied by a change in the membrane resistance. Acetyl choline, on the other hand, decreased the input resistance in both cases (Fig. 5-1) . At present it is impossible to interpret the ionic basis of the depolarization induced by acetaldehyde in relation to its action on the membrane resistance. Since the depolarization took place without any significant change in the input resistance, it may be assumed that acetaldehyde affects such mechanisms that are not coupled with the passive membrane permeabilities of ions. The present experiments, however, could not conclusively rule out the possibility that the drug may alter the membrane permeability to some ions which contribute only a small portion of the total resting conductance. Since the depolarization induced by acetaldehyde markedly decreased in Na+-free solutions (unpublished observa tion), it is possible that this action of the drug is, at least in part, due to an increase in Na+ permeability.
Acetaldehyde reduced spike amplitude, especially the overshoot. The spikes in Aplysia neurons are dependent not only upon Na but also upon Ca ions (10) . It is interesting to note that this aldehyde also reduces the action potential in the smooth muscle membrane of the guinea-pig taenia caecum, in which the action currents are principally carried by Ca ions (11) .
Increase of the spike discharge induced by acetaldehyde produces a stimulatory action on this nervous system. It is known that general anesthetics transiently produce varying 
